During the dry months of the water year in Mediterranean climates, groundwater influx is essential to perennial streams for sustaining ecosystem health and regulating water temperature. Predicted earlier peak flow due to climate change may result in decreased baseflow and the transformation of perennial streams to intermittent streams. In this study, naturally occurring radon-222 ( 222 Rn) was used as a tracer of groundwater influx to Martis Creek, a subalpine stream near Lake Tahoe, CA. Groundwater 222 Rn is estimated based on measurements of 222 Rn activity in nearby deep wells and springs. To determine the degassing constant (needed for quantification of water and gas flux), an extrinsic tracer, xenon (Xe), was introduced to the stream and monitored at eight downstream locations. The degassing constant for 222 Rn is based on the degassing constant for Xe, and was determined to be 1.9-9.0 m/day. Applying a simple model in which stream 222 Rn activity is a balance between the main 222 Rn source (groundwater) and sink (volatilization), the influx in reaches of the upstream portion of Martis Creek was calculated to be <1 to 15 m 3 /day/m, which cumulatively constitutes a significant portion of the stream discharge. Experiments constraining 222 Rn emanation from hyporheic zone sediments suggest that this should be considered a maximum rate of influx. Groundwater influx is typically difficult to identify and quantify, and the method employed here is useful for identifying locations for focused stream flow measurements, for formulating a water budget, and for quantifying streamwater-groundwater interaction.
Introduction
Headwater basins are recognized as being critically important for generating runoff that is captured in reservoirs and used for irrigation and municipal water supplies. As climate change progresses, precipitation in subalpine regions will occur more frequently as rain rather than snow, which could have drastic impacts on stream flow and on groundwater recharge. Snowpack in the Sierra Nevada of California allows for slow melting and gradual groundwater recharge in basins; however, as more precipitation occurs as rain, more limited opportunity for groundwater recharge is likely to cause increased run-off as overland flow [1] [2] [3] [4] [5] . Groundwater is essential to the area as it provides baseflow to Martis Creek during the dry summer months, which is critically important for maintaining stream ecosystem health. Discharge that ends earlier in the summer or fall as a result of climate change or of groundwater pumping that continues into the summer and fall will put stress on the baseflow of the stream. Groundwater discharge to the stream also moderates stream temperature, especially in the late summer and fall, which is essential to the viability of the fish population in the stream [6] [7] [8] [9] [10] .
Martis Creek exhibits riffle and pool morphology, has meanders (sinusosity 1.1 to 1.4) and vegetation growing along its banks, and springs in the vicinity of the creek support an extensive wetland environment. There are also incisions and bank failures seen along reaches of the creek, often where meanders and semideep pools are located [38] . No visible tributaries are located over the study reach, so any increases in discharge can be attributed to groundwater influx.
The stream has been diverted and straightened, mainly downstream of the study reach, during construction of roads and other development, and because this is an area of former logging and cattle grazing. There were at least four diversions associated with cattle grazing in the early to midtwentieth century found between the top of the study reach and Highway 267, and still-modified channels, such as a double box culvert under Highway 267 (Figure 1 ) [38] . 
Radon-222 in Groundwater
Water samples for 222 Rn analysis were collected in the field with minimal exposure to the atmosphere. At groundwater wells, 250 mL glass bottles were filled with no headspace using tubing connected to a discharge port, and then stored at 4 °C. These samples were analyzed for dissolved 222 Rn on a RAD7 Radon Detector (Durridge Company Inc., Billerica, MA, USA) equipped with a RAD H2O accessory (Durridge Company Inc.) within two days of being collected and were decay corrected 
Water samples for 222 Rn analysis were collected in the field with minimal exposure to the atmosphere. At groundwater wells, 250 mL glass bottles were filled with no headspace using tubing connected to a discharge port, and then stored at 4 • C. These samples were analyzed for dissolved 222 Rn on a RAD7 Radon Detector (Durridge Company Inc., Billerica, MA, USA) equipped with a RAD H 2 O accessory (Durridge Company Inc.) within two days of being collected and were decay corrected to the collection date/time based on the half-life of 222 Rn. To measure the 222 Rn activity in the samples, each sample was aerated for five minutes with the RAD H 2 O accessory, which forms a closed loop with the RAD 7 Radon Detector. After aeration, there is a five minute period for the 218 Po to equilibrate followed by four counting periods of five minutes each. The typical detection limit is 20 pCi/L and the typical standard deviation for four counting periods is 10%.
Radon-222 in Surface Water
For stream water samples, 20 mL glass vials were prefilled with 10 mL of scintillation cocktail (mineral oil). A hooked syringe was used to collect 10 mL of water from approximately 10 cm beneath the stream surface, and the stream water was injected beneath the cocktail so that the water did not contact the atmosphere during transfer from the syringe to the vial. Glass vials with Teflon-lined caps were used and samples were stored at 4 • C to minimize volatilization from the vial. Radon-222 is more soluble in organic solvents than in water, so it transfers from the water to the cocktail. This sampling procedure aides in the analysis of 222 Rn because certain water-soluble radionuclides such as radium-226 ( 226 Ra) interfere with 222 Rn counting. Samples, standards, and blanks were all analyzed in the same geometry of 10 mL water underneath 10 mL mineral oil scintillator cocktail. The 10 mL collection technique allowed for the collection of a large number of samples in a short period of time, without the need for large containers or other equipment in the field.
After the samples were allowed to equilibrate for at least four hours, they were analyzed on a Quantulus liquid scintillation counter (LSC) for 60 to 90 min. Samples with low 222 Rn activity were run twice to compare activity levels between the two runs.
To determine the background count rate for the method, blanks were prepared with deionized water. Background count rates were found to be approximately 0.1 counts per minute (CPM), and this background is subtracted from the CPM activity of each sample. Two laboratory control samples (0.5 mL of laboratory standard 226 Ra liquid with 9.5 mL water and 10 mL of mineral oil) were analyzed during each run for instrument calibration. The raw data (in CPM) was then converted into 222 Rn activities using the equation
where e is the Efficiency (CPM on an instrument divided by the known DPM (DPM being Decays Per Minute) of the standard being counted) and V is the volume of the sample. The factor 2.22 is a conversion factor from DPM to pCi. Samples were decay corrected to the collection date/time based on the half-life of 222 Rn.
Radon-222 from Sediment Samples
To account for hyporheic zone contributions, sediment samples were collected at several locations by digging approximately 10 cm below the streambed with a trowel. The samples were dried for two days at 100 • C and then sieved into different sediment sizes: gravel (>2 mm), coarse-medium sand (2 mm-300 µm), fine-very fine sand (300-63 µm), and silt (<63 µm). Sediment in the size category >2 mm was not used.
Three grams of each grain size category for each sample were placed in a 20 mL glass vial, and the vial was filled to the 10 mL point with deionized water, followed by 10 mL of liquid scintillation cocktail. Laboratory control samples were made using a soil-based standard with a certified value of uranium and thorium content, deionized water filled to the 10 mL point, and 10 mL of mineral oil. Blanks were made using pure silica sand (considered to be uranium and thorium free), water filled to the 10 mL point, and 10 mL of mineral oil. By approximating porosity and rock density, an emanation rate, E (Bq/kg), can be calculated from the equation
where θ is porosity, ρ is density, and C eq is an empirical estimate of the equilibrium concentration of 222 Rn activity in groundwater [27, 39] .
The 222 Rn emanation rate, E, is related to the 222 Rn production rate, γ, in Bq/L day −1 , by
where ρ is the density of the solid, and λ is the decay constant [30] .
Xenon Tracer
Xenon was used as a tracer to calculate 222 Rn loss to the atmosphere in this stream survey, along with SF 6 . A comparison of results for these tracers is reported in Benson et al. [35] . Briefly, the Xe tracer was introduced continuously for three days through a one meter length of gas permeable tubing (weighed down by a chain). A regulator connected to a lecture bottle containing Xe gas allowed the slow release of Xe into the tubing (the efficiency of dissolution was nearly 100%). Three times a day (morning, afternoon, and evening) for three days, the survey team took samples from the left and right banks and the center of the stream at eight locations downstream and one upstream of the Xe introduction location. The samples were analyzed by noble gas membrane inlet mass spectrometry (NG-MIMS), which measures dissolved gasses by pumping the water from the sample through a semipermeable membrane and detecting Xe in the extracting gas using a residual gas analyzer [40] .
Stream Flow
Stream discharge was measured at five locations along the study reach using a FP111 Global Water™ flow probe (Global Water Instrumentation, College Station, TX, USA). The probe calculates an average stream velocity over the depth of the water column, which was measured at 0.3 m intervals across the width of the stream. Stream discharge (Q) is calculated by multiplying the cross-sectional areas by the flow velocities and summing the resulting discharge for each section.
Results
Initial surveys of 222 Rn in well samples and stream samples distributed around Martis Valley showed uniformly high 222 Rn activities in wells and mostly very low activities in streams (Tables A1  and A2 ). Radon-222 activities in well samples had a mean value of 804 pCi/L. Such high activities are typical for groundwater in basins with sediments derived from granitic and volcanic rocks [41, 42] .
Samples from the Truckee River, Donner Creek, tributaries to Martis Creek, and several locations along the main stem of Martis Creek were consistently close to, or below, the detection limit of about 20 pCi/L. These locations are therefore not in the vicinity of points of significant groundwater discharge to the streams. Two exceptions to the low activities in stream water were a persistent pool in Middle Martis Creek near Highway 267 (Figure 1) , and a reach along Martis Creek near the border between the Army Corps of Engineers Martis Creek Wildlife area and the Lahontan Golf Club (Lahontan Dr; Figure 2 ). The upstream reach of Martis Creek was thus chosen for a more detailed survey and a tracer test. (Table 1) .
Radon-222 in Groundwater
Groundwater samples were analyzed from both monitoring and production well sources across Martis Valley in December 2011, June 2012, and October 2012. Results of 222 Rn activities in wells and springs from Martis Valley are shown in Figure A1 (in Appendix A) and in Table A1 . Wells available for sampling in this study are deep and long-screened. The wells nearest to Martis Creek (N and O, Figure A1a ) had 222 Rn activities >800 pCi/L in both June and December. Radon-222 activities measured in these wells likely represent activity in the deep portion of the aquifer system, while a significant component of the groundwater discharge to streams is likely to come from the shallow portion of the aquifer system, where well sampling points are not available. Spring samples have somewhat lower 222 Rn activities and may be more representative of the shallower groundwater flow system. In particular, Spring X is located near the headwater area of Middle Martis Creek and had a mean activity of 528 pCi/L, while Spring Y, in the downstream portion of the study area, had an activity of 322 pCi/L ( Figure A1b) . A representative value of 400 pCi/L was used as an estimate of the 222 Rn activity in groundwater that contributes to the stream (ci), based on spring results and the sediment incubation experiments. (Table 1) .
Radon-222 in Surface Water

Radon-222 in Groundwater
Groundwater samples were analyzed from both monitoring and production well sources across Martis Valley in December 2011, June 2012, and October 2012. Results of 222 Rn activities in wells and springs from Martis Valley are shown in Figure A1 (in Appendix A) and in Table A1 . Wells available for sampling in this study are deep and long-screened. The wells nearest to Martis Creek (N and O, Figure A1a ) had 222 Rn activities >800 pCi/L in both June and December. Radon-222 activities measured in these wells likely represent activity in the deep portion of the aquifer system, while a significant component of the groundwater discharge to streams is likely to come from the shallow portion of the aquifer system, where well sampling points are not available. Spring samples have somewhat lower 222 Rn activities and may be more representative of the shallower groundwater flow system. In particular, Spring X is located near the headwater area of Middle Martis Creek and had a mean activity of 528 pCi/L, while Spring Y, in the downstream portion of the study area, had an activity of 322 pCi/L ( Figure A1b) . A representative value of 400 pCi/L was used as an estimate of the 222 Rn activity in groundwater that contributes to the stream (c i ), based on spring results and the sediment incubation experiments.
Radon-222 in Surface Water
Stream water samples were collected at key locations in December 2011, June 2012, and March and April 2013. In addition, two stream surveys with closely spaced sampling points were performed in July and August 2012 (Tables 1 and A2 Table 1 ), and samples above MC-09 had activities greater than 100 pCi/L, clearly indicating groundwater influx over these reaches.
A final stream survey was performed in March/April 2013 ( Figure A3 and Table A2 ), upstream from the August 2012 survey. No precipitation occurred in the preceding few days before sampling. Because of higher discharge from snowpack runoff, which tends to peak in late March or early April [43, 44] , 222 Rn activities in the stream were lower; however, relatively high activities were observed near the same locations during runoff and baseflow seasons. 
Hyporheic Sediment Results
Sediment samples were collected from locations MC23 and MC34, where 222 Rn activities in water samples were somewhat higher than expected, based on comparison of the Xe and 222 Rn concentrations. For each of the samples, the sediment was divided into four particle size categories (coarse sediments >2 mm were not used). Each of these categories shows relatively little 222 Rn contribution to the stream, with sediment from MC23 contributing 112 to 192 pCi/kg, and sediment from MC34 contributing 177 to 264 pCi/kg (Table 2 ). These contributions are consistent with those Cox et al. [39] found in sediments from nearby Squaw Creek, and those reported by Cook et al. [27] for sediments from the Cockburn River in Australia.
Based on the decay rate of 222 Rn, these activities should be within 10% of steady-state values where 222 Rn emanation is balanced by 222 Rn decay. Assuming a porosity of 0.4 and a sediment density of 2.9 g/cm 3 , these emanation rates result in an equilibrium 222 Rn concentration between 479 and 1147 pCi/L, following Equations (2) and (3). This is consistent with the observed 222 Rn activities in the groundwater. Higher emanation rates and equilibrium concentrations are found from the silt fraction of these sediments, commonly associated with higher concentrations of uranium and thorium [45] . Variation in measured 222 Rn activities and production rates may be related to sediment properties observed in the Martis Creek basin and varying U concentrations of fine-and coarse-grained sediments.
Hyporheic zone contribution to 222 Rn activity in the stream cannot be quantified directly because the lateral extent and thickness of the hyporheic zone and the residence time of water in the hyporheic zone are not known. It is likely that the hyporheic zone is a source of 222 Rn activity, however, so the groundwater influx reported in the results can be considered a maximum flux. The contribution of the hyporheic zone to the stream 222 Rn budget is further evaluated in the discussion. 222 Rn activity had been observed. While the tracer was introduced, it mixed into the flowing water relatively quickly and thoroughly, showing little variation across the width of the stream. The Xe transect along the eight stations downstream showed a relatively smooth, exponential decrease in Xe concentration as Xe degassed from the stream (R 2 = 0.994; Figure A4 ). Application of the one-dimensional (1D) advection-dispersion equation assuming first-order decay of a continuously released solute results in a value of the mean reaeration coefficient (K) of 40 day −1 , as reported in Benson et al. [35] . The degassing constant (k) for Xe can be calculated by multiplying K (day −1 ) by stream depth, for which the range over the experimental reach was measured at 0.08 to 0.24 m with a mean of 0.16 m. The rates found vary between 1.9 and 9.0 m/day, with the variance due to stream depth and, to a lesser extent, to the nature of the creek-there are some deep pools, some riffles, some shallower areas, and some areas with dense riparian vegetation. (This approach to estimating the degassing constant does not take dilution by groundwater into account; another approach to estimating k is presented in the Discussion section, below.) For example, relatively more tracer degassing (per m) occurred between MC27 and MC29 than occurred elsewhere along the creek. Escape of Xe from the stream to the atmosphere is similar to that of 222 Rn, due to comparable physical behavior and atomic weight. The degassing constant for 222 Rn was calculated by multiplying the degassing constant for Xe by the ratio of the diffusion coefficients, resulting in k Rn /k Xe of 0.75. [37] . However, groundwater discharge can vary daily due to evapotranspiration or on shorter time scales in response to precipitation or headwater melting events. There is considerable uncertainty in these low discharge measurements (estimated at 15% uncertainty based on repeat measurements) and the observed increases in discharge are therefore associated with relatively high uncertainty.
Stream Discharge
Discussion
The change in flux of a dissolved gas with distance downstream is a balance between the flux into the stream from groundwater and hyporheic zone sediments and the flux out of the stream due to evaporation losses, degassing (volatilization), decay, and losses to the hyporheic zone, as represented by the equation [27] 
where, at time t, Q is stream discharge (m 3 /day), I is influx (m 3 /day), c i is the initial 222 Rn activity (pCi/L) of groundwater discharge to the stream, c is 222 Rn activity (pCi/L) at location x, w is the mean stream width (m), E is the evaporation rate (m/day), k is the degassing constant (m/day), d is the mean stream depth (m), λ is the radioactive decay constant (day −1 ) for 222 Rn, γ is the production rate for 222 Rn (pCi/L/day) within the hyporheic zone, θ is the porosity of sediments in the hyporheic zone, h (m) is the thickness of the hyporheic zone, and t h is the mean residence time of water (day) within the hyporheic zone [27] .
Since the time the stream water takes to go from the tracer injection point to the end of the stream survey is negligible compared to the half-life of 222 Rn, the term dwλc can be eliminated. Additionally, if production in the hyporheic zone is effectively zero (as demonstrated later in this section), the concentration of 222 Rn activity in the hyporheic zone porewater will be equal to that in the stream water, and the equation may be simplified by eliminating the last two terms [33] . The equation may be further simplified if evaporation is neglected, which, in the case of Martis Creek, is appropriate, since the creek experiences minimal evaporation over the short study reach. Stream width w varies from 117 to 658 cm, and the evaporation rate E for streams the size of Martis Creek is estimated to be between 10 −3 and 10 −2 m/day. Measured 222 Rn activities c vary from 27 pCi/L to 169 pCi/L. In that case, the term wEc is negligibly small, which leaves
Rearranging terms to solve for I gives
which is used to calculate the groundwater influx (I) to Martis Creek. Stream discharge (Q), gas transfer velocity (k), mean stream width (w), and stream 222 Rn activity (c) were all measured, while groundwater 222 Rn activity (c i ) was estimated to be 400 pCi/L (Table 3) . To evaluate the uncertainty on the estimated groundwater discharge patterns, additional analyses were performed with groundwater 222 Rn activities of 200 pCi/L or 800 pCi/L. Groundwater inflow for each of the 50 sections was estimated by minimizing the difference between the measured and modeled 222 Rn concentrations. Simultaneously, the xenon concentration was modeled in the stream, decreasing due to gas exchange between the stream and the atmosphere and dilution by groundwater discharge. The xenon concentration at the first xenon survey location (MC04) was fixed at 44 nanomol/L. Stream discharge was fixed to the measured stream discharge (4380 m 3 /day) at MC-01, 11 m upstream of the xenon injection location. Stream flow upstream of MC-01 was calculated by subtracting the estimated groundwater inflow. This approach also allowed for the effective gas exchange coefficient (kw) to be optimized, considering xenon dilution by groundwater inflow. The objective O for the optimization was the sum of squared differences between the measured and modeled 222 Rn and xenon concentrations, divided by the measurement uncertainty: Xe j,modeled − Xe j,measured Xe j,uncertainty . Figure 3 shows the resulting modeled 222 Rn and Xe concentrations in Martis creek, together with the measured concentrations. The Xe concentrations are mostly well captured by the model, and are within the measurement uncertainty (8%). Differences between modeled and measured concentrations indicate variation in stream morphology resulting in variable gas exchange velocities along the 1 km stretch under investigation.
Measured 222 Rn concentrations are generally well captured by the forward model. Measured 222 Rn concentrations show stronger decreases than the model in the first 500 m of the investigated stretch, upstream of the Xe introduction. These decreases could indicate that the gas exchange rate was higher in this section. Modeled 222 Rn concentrations with either 400 pCi/L or 800 pCi/L as groundwater 222 Rn concentration do not capture the increase between 250 and 200 m before the Xe injection location and predict no groundwater increase over the interval. If a groundwater 222 Rn concentration of 200 pCi/L is assumed, groundwater contributions are predicted between −325 m and −250 m, as discussed further below. Also, downstream of the Xe injection location, there appear to be sections where 222 Rn decreases more rapidly over short intervals than the smooth decrease of Xe over larger intervals. As a consequence, the estimated groundwater discharge could be too low. These nuances show the importance of an introduced tracer constraint on the gas exchange rate. The optimized gas transfer velocity k (2.16 m/day) is at the low end of the range previously estimated, considering a stream width w of 3.5 m. 222 Rn decreases more rapidly over short intervals than the smooth decrease of Xe over larger intervals. As a consequence, the estimated groundwater discharge could be too low. These nuances show the importance of an introduced tracer constraint on the gas exchange rate. The optimized gas transfer velocity k (2.16 m/day) is at the low end of the range previously estimated, considering a stream width w of 3.5 m. Table 1 ), distance 500 m is the approximate location of MC23 and distance 1000 m is the approximate location of MC34 (Table 1) .
Although Xe and 222 Rn show roughly similar, exponentially decreasing patterns, the calculations indicate that some groundwater influx is required at locations throughout the study reach to maintain observed 222 Table 1 ), distance 500 m is the approximate location of MC23 and distance 1000 m is the approximate location of MC34 (Table 1) .
Although Xe and 222 Rn show roughly similar, exponentially decreasing patterns, the calculations indicate that some groundwater influx is required at locations throughout the study reach to maintain observed 222 To evaluate the contribution of the hyporheic zone to the 222 Rn budget of the stream, let us assume that the groundwater influx is negligible. In this special case, the 222 Rn concentration is given by Equation (8) (Equation (10) in [27] ):
The 222 Rn concentration in the stream then depends on the production rate for 222 Rn within the hyporheic zone (γ), the thickness of the hyporheic zone (h), the porosity of sediments in the hyporheic zone ( = 0.4), the radioactive decay constant for 222 Rn (λ = 0.18 day −1 ), the mean residence time of water within the hyporheic zone (th), the degassing constant (k = 2.16), and the mean stream depth (d = 0.16). The average of the measured hyporheic zone 222 Rn production rates is 180 pCi/L/d. The thickness of the hyporheic zone (h) and the residence time of water in the hyporheic zone are unknown. Assuming a thickness equal to the stream depth (0.16 m) and an infinitely short residence time (which yields the highest hyporheic zone contribution) results in an equilibrium 222 Rn concentration in the stream of 5 pCi/L. Assuming that the thickness of the hyporheic zone is four times larger results in a stream concentration of 20 pCi/L. The dependence of the hyporheic zone contribution to the stream water concentration is illustrated in Figure A5 . We conclude that the hyporheic zone contribution is relatively minor compared with the measured 222 Rn concentrations in the stream (27-169 pCi/L).
The groundwater influx "hot spots" would be difficult to identify using physical flow measurements, as it would not be practical to measure discharge over the spatial scale and with the accuracy necessary to ascertain the level of spatial detail afforded by the 222 Rn results. While deployment of an extrinsic tracer may not be practical in many situations, measurement of 222 Rn is relatively easy and inexpensive, and allows identification of reaches where groundwater influx is occurring on a scale pertinent for ecological considerations. To evaluate the contribution of the hyporheic zone to the 222 Rn budget of the stream, let us assume that the groundwater influx is negligible. In this special case, the 222 Rn concentration is given by Equation (8) (Equation (10) in [27] ):
The 222 Rn concentration in the stream then depends on the production rate for 222 Rn within the hyporheic zone (γ), the thickness of the hyporheic zone (h), the porosity of sediments in the hyporheic zone (θ = 0.4), the radioactive decay constant for 222 Rn (λ = 0.18 day −1 ), the mean residence time of water within the hyporheic zone (t h ), the degassing constant (k = 2.16), and the mean stream depth (d = 0.16). The average of the measured hyporheic zone 222 Rn production rates is 180 pCi/L/d. The thickness of the hyporheic zone (h) and the residence time of water in the hyporheic zone are unknown. Assuming a thickness equal to the stream depth (0.16 m) and an infinitely short residence time (which yields the highest hyporheic zone contribution) results in an equilibrium 222 Rn concentration in the stream of 5 pCi/L. Assuming that the thickness of the hyporheic zone is four times larger results in a stream concentration of 20 pCi/L. The dependence of the hyporheic zone contribution to the stream water concentration is illustrated in Figure A5 . We conclude that the hyporheic zone contribution is relatively minor compared with the measured 222 Rn concentrations in the stream (27-169 pCi/L).
The groundwater influx "hot spots" would be difficult to identify using physical flow measurements, as it would not be practical to measure discharge over the spatial scale and with the accuracy necessary to ascertain the level of spatial detail afforded by the 222 Rn results. While deployment of an extrinsic tracer may not be practical in many situations, measurement of 222 Rn is relatively easy and inexpensive, and allows identification of reaches where groundwater influx is occurring on a scale pertinent for ecological considerations.
The modeled cumulative stream flow increases from 4380 m 3 /day at the injection location to 5175 m 3 /day at a distance 1 km downstream (Figure 4) . The calculated influx of groundwater is equivalent to 18% of the initial stream flow if a groundwater 222 Rn concentration of 400 pCi/L is assumed. Lower (200 pCi/L) or higher (800 pCi/L) groundwater 222 Rn concentrations result in higher (28%) or lower (11%) influxes of groundwater, respectively. Although the calculated groundwater influx values in this reach (800 m 3 /day) are within the uncertainty ranges of the stream flow measurements made at various locations on August 15 and 16, the influx represents a critical portion of the annual discharge, as the importance of the persistence of the influx into the late summer and fall cannot be overstated. The presence of deep pools that act as refugia for fish and the moderating effect of groundwater discharge on temperature are recognized as controls on species distribution and total biomass [6] [7] [8] [9] [10] .
These results indicate that influx of groundwater to the stream is heterogeneous and related to topographic or morphologic stream features. The study reach is within the transition of the stream from being well shaded, with a relatively steep gradient (2-3%), and little anthropogenic alteration to having no overstory, with a low gradient (<1%), and nearby features including a golf course and housing development. The meadow area within and downstream of the study reach has been altered by historical land use practices and, to a lesser extent, by current recreational activities.
Another significant transition is the degree of incision and preponderance of eroded banks within the study reach compared with within the upstream reach, where bank stability is bolstered by outcrops and boulders. Within the study reach, the pool and riffle morphology likely plays a role in streambed sediment distribution and re-aeration of 222 Rn, but observations of individual pools and riffles during the experiment did not correlate with locations of groundwater input (e.g., between 200-350 m and at 950 m) in an obvious manner. However, stream incision can cause an increase in the hydraulic gradient and result in groundwater drainage from the riparian sediments [46] , and this likely plays a role in the spatial variability in groundwater discharge along Martis Creek.
Conclusions
Tracers and bio-indicators are important tools for researching groundwater-surface water interaction and groundwater-dependent ecosystems [15, 18, 47] . 222 Rn is a unique indicator of groundwater discharge [15, 18, 27, 28] . In certain situations, both 222 Rn and 4 He [21] or 14 C [48] can pinpoint groundwater discharge locations, while confirming longer groundwater flow paths. More elaborate modeling approaches constrain the uncertainty of estimated groundwater inflow estimates [16] which were significant in this study. The additional use of an introduced tracer like xenon or SF 6 [27] is essential for quantitative estimates of groundwater influx. Absent an introduced tracer, 222 Rn measurements are valuable for pinpointing groundwater influx on a small scale, as evidenced in this study, for regional assessments of groundwater-surface water interaction [17, 22] . Radon-222 is also suitable for studying temporal variability of groundwater discharge [14] when repeated flux measurements are too time-consuming. Additional research incorporating detailed temperature measurements [49, 50] can constrain the importance and residence times of hyporheic exchange.
Martis Valley is categorized as medium priority by the California Statewide Groundwater Elevation Monitoring Program. With 128% population growth in the 2000's and 90% of water used supplied from groundwater [36] , understanding groundwater-surface water interaction in this basin is critical. The water budget relies on accurate numbers and, by utilizing geochemical methods, we are able to produce a more nuanced estimate of groundwater influx than by relying on physical flow measurements. In addition, groundwater management under the California Sustainable Groundwater Management Act [11] shall not result in "depletions of interconnected surface water that has significant and unreasonable adverse impacts on beneficial uses of the surface water". This requirement demands a detailed quantitative understanding of groundwater discharges to streams. Since a large proportion of Martis Creek's flow is from groundwater influx, this accuracy is necessary to maintain a healthy baseflow in Martis Creek during the dry months of the water year. (a) (b) Figure A1 . (a) Well locations noted in Table A1 ; (b) Spring locations noted in Table A1 . Figure A1 . (a) Well locations noted in Table A1 ; (b) Spring locations noted in Table A1 .
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